Introduction {#Sec1}
============

Taste and smell stimulation of the oropharyngeal cavity elicits several digestive, endocrinological, thermogenic, cardiovascular, and renal responses, which are collectively termed cephalic phase responses \[[@CR1]--[@CR3]\]. The gastric phase response, however, involves fewer reflexive responses than the cephalic phase and has not yet been well described.

Umami, one of the five basic tastes, is induced by free [l]{.smallcaps}-glutamate (GLU) and 5′-mononucleotides, for example inosine 5′-monophosphate (IMP) and guanine 5′-monophosphate (GMP). Umami taste stimulation of the oral cavity with monosodium glutamate (MSG) solution activates the efferent activity of the gastric, pancreatic, and hepatic vagus nerves \[[@CR4], [@CR5]\] and is associated with an increase in insulin secretion in rats \[[@CR6]\]. In the stomach (gastric phase), the vagal gastric afferent nerve (VGA) can detect mechanical and chemical (acid and alkali) stimulation in both feline \[[@CR7], [@CR8]\] and rodent models \[[@CR9]\]. Mathis et al. \[[@CR10]\] reported that the afferent nerve detects gastric distention in the rat but fails to detect the luminal nutrient information, for example carbohydrate and protein content. However, we previously found that the VGA in the rat responded to an intragastric infusion of MSG solution \[[@CR11]\] and that this response was specific to GLU and did not generalize to other amino acids \[[@CR12]\]. Moreover, intragastric infusion of the MSG solution caused a vago-vagal reflex that increased the efferent activity of the gastric and pancreatic vagus nerves in the rat \[[@CR11]\]. It is still unclear whether IMP also affects VGA activity. In addition, there has been no report that IMP and MSG could affect the efferent activity of the celiac vagus nerve (VCE), which regulates intestinal function, and the adrenal splanchnic nerve (SAE), which affects the release of catecholamine. In this study, we examined the possibility that intragastric infusion of umami substances can cause changes in VGA activity and affect both VCE and SAE activity in anesthetized rats.

Materials and methods {#Sec2}
=====================

Animals and diets {#Sec3}
-----------------

Male Wistar (Slc: Wistar) rats weighing 250--300 g were obtained from Japan SLC (Hamamatsu, Japan). Food (MF; Oriental Yeast, Tokyo, Japan) and water were freely available until the day of the experiment; 12 h before the experiment, food, but not water, was removed. All of the experimental procedures were approved by the Institutional Animal Care and Use Committee and conformed to the standards for the use of laboratory animals published by the Institute of Laboratory Animal Resources (National Academy of Sciences, USA).

Experiments {#Sec4}
-----------

The surgical techniques and other experimental methods have been extensively documented elsewhere \[[@CR5]\]. Briefly, the animals were anesthetized with an intraperitoneal injection of 1--1.2 g/kg urethane (Wako Pure Chemicals, Osaka, Japan). The taste substance solutions for intragastric infusion were applied through a catheter inserted either into the forestomach or into the stomach through a small incision in the duodenum. The output line was captured by another catheter placed through the pylorus. To eliminate the mechanical response of intragastric infusion, the output catheter was not shut. The pylorus of the stomach was ligated with a silk suture. Using a dissecting microscope, nerve filaments were isolated from the severed peripheral end of the gastric branch of the ventral vagus nerve, and afferent nerve activity was recorded as multi-units with a pair of silver wire electrodes. The hepatic and accessory celiac branches of the vagus nerve were intact. Efferent nerve activity was similarly recorded from a nerve filament dissected from the severed central end of the celiac branch of the vagus nerve and the adrenal branch of the splanchnic nerve. Nerve activity was amplified (DPA-100E; Dia Medical, Tokyo, Japan), displayed on an oscilloscope, and stored on magnetic tape. A rate meter (DSE-325P; Dia Medical) with a rest time of 5 s was used to observe the time course of the nerve activity that was recorded with a pen recorder (Recti-Horiz-8K; Sanei, Tokyo, Japan). The discharge rate is expressed as the mean ± standard error of the mean (SEM). Solutions of IMP (1, 3, 10, and 30 m[M]{.smallcaps}) or MSG (150 m[M]{.smallcaps}) were used as umami substance. Sweet and salty substances were a 277.5 m[M]{.smallcaps} solution of glucose, a 292.1 m[M]{.smallcaps} solution of sucrose, and a 154 m[M]{.smallcaps} solution of NaCl (physiological saline). MSG, glucose, sucrose, and NaCl solutions were isotonic solutions \[[@CR4], [@CR12]\]. Thirty millimolar mannose was used as a hypotensive solution. IMP, MSG, glucose, sucrose, NaCl, and mannose were each dissolved in water. These solutions were infused into the stomach in 2 ml volumes at a flow rate of 1 ml/min with a catheter. After verifying that the solution had an effect on vagal gastric afferent nerve activity, we examined the effects of the solution on the efferent activity of the celiac vagus and the adrenal splanchnic nerves. For vagotomized experiments, the gastric branches of both the ventral and dorsal vagus nerve were vagotomized, and the efferent activity was recorded 30 min after the baseline recording, for signal stabilization. We then examined the effects of the solution on the vital functions, including heart rate, systolic blood pressure, diastolic blood pressure, mean blood pressure, respiration rate, and body temperature of the rats that were not used for the recording of nerve activity. These vital signals were measured with a transducer (MLT0699, MLT1010, ADInstruments, Castle Hill, Australia) and a thermometer (BAT-12, Physitemp Instruments, Clifton, NJ, USA) and were acquired via a PowerLab interface (PowerLab, ADInstruments), and viewed online using LabCart 7 software for Windows (ADInstruments). After the experiment was finished, the rat was euthanized with an overdose of urethane. Individual experimental data were acquired from 91 rats. Inosine 5′-monophosphate disodium salt (IMP) and MSG were obtained from Ajinomoto (Tokyo, Japan). Glucose, sucrose, NaCl, and mannose were obtained from Wako Pure Chemicals (Osaka, Japan).

Data analysis {#Sec5}
-------------

The effects of intragastric infusion on nerve activity were determined by comparing the mean number of spikes per 5 s over 50 s (i.e., the mean value of 10 successive measured samples) before the infusion of taste substances and 30 min after. The treatment effects were statistically evaluated using Student's paired *t* test or a one-way repeated ANOVA with a Dunnett's multiple comparison post-hoc test. A probability of *p* \< 0.05 was considered statistically significant.

Results {#Sec6}
=======

To examine the effects of IMP on VGA activity, we used intragastric infusions of the IMP solution and recorded VGA activity. After infusion with the 30 m[M]{.smallcaps} IMP solution, a long-lasting increase in afferent activity was observed (Fig. [1](#Fig1){ref-type="fig"}a). The time course response to IMP on VGA activity is summarized in Fig. [1](#Fig1){ref-type="fig"}b. The discharge rate before and 10, 20, and 30 min after infusion was 64.5 ± 1.3, 77.5 ± 2.6\*, 76.8 ± 4.5\*, and 86.5 ± 3.9\*\* impulses/5 s, respectively (*n* = 5, \**p* \< 0.05, \*\**p* \< 0.01 compared with the value of the pre-IMP infusion, one-way repeated ANOVA with post-hoc Dunnett's method). These data show that the effect of 30 m[M]{.smallcaps} IMP on VGA activity is highest 30 min after intragastric infusion. Thus, we determined that nerve activity was evaluated 30 min after administration of the taste substances. The concentration-dependent response to IMP on VGA activity is summarized in Fig. [1](#Fig1){ref-type="fig"}c. The change in discharge rate for the 1, 3, 10, and 30 m[M]{.smallcaps} IMP infusions was 0.0 ± 2.7, 14.3 ± 3.4\*, 18.0 ± 5.3\*, and 22.0 ± 3.8\*\* impulses/5 s, respectively (*n* = 5, \**p* \< 0.05, \*\**p* \< 0.01 compared with the value of the pre-IMP infusion, paired *t* test). This shows that afferent discharge rates above baseline were dose-dependently increased 30 min after each dose of the IMP application (3, 10, and 30 m[M]{.smallcaps}); however, intragastric infusion of 1 m[M]{.smallcaps} IMP had no significant effect on the discharge rates. Therefore, the threshold concentration for IMP had to be below 3 m[M]{.smallcaps}.Fig. 1Effects of intragastric infusion of IMP on the afferent discharge rate of a vagal gastric nerve (VGA) filament. **a** Example of intragastric infusion of 30 m[M]{.smallcaps} IMP on VGA activity. Actual wave recording at each point was displayed before (*left*) and after 30 min of (*right*) intragastric infusion of IMP (*Top*). Representative recording of gastric afferent discharge displayed as a sequential rate histogram after intragastric infusion of IMP (*Bottom*). *Arrowheads* indicate the points at which the IMP solution was infused. The *vertical bar* indicates 100 impulses/5 s. The *horizontal bar* indicates 30 min. **b** The time course of changes in VGA activity from 5 different rats in which 30 m[M]{.smallcaps} IMP was administrated. \**p* \< 0.05, \*\**p* \< 0.01, one-way repeated ANOVA with the post-hoc Dunnett's method. *Vertical bars* indicate ±SEM. **c** Dose-dependent effects of luminal IMP on the afferent discharge rate of VGA activity. Each IMP solution (1, 3, 10, and 30 m[M]{.smallcaps}) was introduced into the rat stomach, and the mean change in discharge rate above baseline at 30 min was plotted. *Columns* and *vertical bars* represent mean ± SEM from 5 different rats

Next, to examine the effects of other palatable taste substances on VGA activity, we used intragastric infusion of MSG, glucose, sucrose, and NaCl solutions and recorded VGA activity. After infusion with the MSG solution, an increase in afferent activity was observed (*n* = 6, *p* \< 0.01 compared with the value of the pre-MSG infusion, paired *t* test; Fig. [2](#Fig2){ref-type="fig"}; Table [1](#Tab1){ref-type="table"}). However, intragastric infusion of glucose (*n* = 5), sucrose (*n* = 5), and NaCl (*n* = 5) solutions resulted in no significant changes in the discharge rate, as summarized in Fig. [2](#Fig2){ref-type="fig"} and Table [1](#Tab1){ref-type="table"}. With the exception of IMP, all of the infusion solutions were isotonic. We then addressed the possibility that hypotonic solutions could have an effect on VGA activity. Intragastric infusion of 30 m[M]{.smallcaps} mannose, which is more hypotonic than 30 m[M]{.smallcaps} IMP, had no significant effect on discharge rates after 30 min (*n* = 5; Table [1](#Tab1){ref-type="table"}).Fig. 2Effects of intragastric infusion of taste substances on the afferent discharge rate of a VGA filament. Each solution (30 m[M]{.smallcaps} IMP, 150 m[M]{.smallcaps} MSG, 277.5 m[M]{.smallcaps} glucose, 292.1 m[M]{.smallcaps} sucrose, and 154 m[M]{.smallcaps} NaCl) was introduced into the rat stomach, and the mean discharge rate above baseline at 30 min was plotted. *Columns* and *horizontal bars* represent mean ± SEM from 5 ratsTable 1Effects of intragastric infusion of taste substances on gastric vagal afferent activityTaste substancesGastric afferent discharge rate (impulses/5 s ± SEM)BeforeAfter 30 minΔDischarge rate*Umami*30 m[M]{.smallcaps} IMP64.5 ± 1.386.5 ± 3.9\*\*22.0 ± 3.8150 m[M]{.smallcaps} MSG65.6 ± 4.789.7 ± 7.4\*\*24.1 ± 4.0*Sweet*277.5 m[M]{.smallcaps} Glucose57.2 ± 4.555.4 ± 3.6−1.8 ± 1.7292.1 m[M]{.smallcaps} Sucrose57.7 ± 3.255.6 ± 2.1−2.1 ± 2.9*Salty*154 m[M]{.smallcaps} NaCl61.3 ± 2.960.0 ± 1.8−1.3 ± 1.9*Hypotonic solution*30 m[M]{.smallcaps} Mannose55.8 ± 3.254.5 ± 2.9−1.4 ± 2.6\*\* *p* \< 0.01, paired *t* test

To investigate the autonomic reflex, we next examined the effects of intragastric infusion of IMP and MSG solutions on VCE activity. After intragastric infusion of IMP solution a significant increase was seen in VCE activity (*n* = 4, *p* \< 0.05, paired *t* test; Fig. [3](#Fig3){ref-type="fig"}a, c; Table [2](#Tab2){ref-type="table"}). A long-lasting increase in efferent activity was also observed after intragastric infusion of the MSG solution (*n* = 5, *p* \< 0.01, paired *t* test; Fig. [3](#Fig3){ref-type="fig"}b, c; Table [2](#Tab2){ref-type="table"}). We then addressed the hypothesis that these gastro-intestinal reflex effects were mediated via the VGA pathway. When the VGA was sectioned, intragastric infusion of IMP and MSG solutions had no effect on VCE activity (IMP, *n* = 4; MSG, *n* = 4; Table [2](#Tab2){ref-type="table"}).Fig. 3Effects of intragastric infusion of umami substances on the efferent discharge rate of a vagal celiac nerve (*VCE*) and a sympathetic adrenal nerve (*SAE*) filament. **a**, **b** Examples of intragastric infusion of **a** 30 m[M]{.smallcaps} IMP and **b** 150 m[M]{.smallcaps} MSG on VCE activity. *Arrowheads* indicate points at which the umami substance solution was infused. The *vertical bar* indicates 100 impulses/5 s. The *horizontal bar* indicates 30 min. **c** Summary plot and summary of changes in discharge rate showing the impulse values of IMP and MSG on VCE activity measured before and after administration. Data from the same rat are connected by a line. *Open* and *closed circles* with *bars* represent the mean ± SEM. *Columns* and *vertical bars* represent mean changes in spike ±SEM. **d**, **e** Examples of intragastric infusion of **d** 30 m[M]{.smallcaps} IMP and **e** 150 m[M]{.smallcaps} MSG on SAE activity. *Arrowheads* indicate points at which the umami substance solution was infused. The *vertical bar* indicates 100 impulses/5 s. The *horizontal bar* indicates 30 min. **f** Summary plot and summary of changes in discharge rate showing the impulse values of IMP and MSG on SAE activity measured before and after administration. Data from the same rat are connected by a line. *Open* and *closed circles* with *bars* represent the mean ± SEM. *Columns* and *vertical bars* represent mean changes in spike ±SEM. \**p* \< 0.05, \*\**p* \< 0.01, paired *t* testTable 2Effects of intragastric infusion of umami substances on vagal celiac and sympathetic adrenal efferent activityNerve discharge rate (impulses/5 s ± SEM)30 m[M]{.smallcaps} IMP150 m[M]{.smallcaps} MSG*Vagal celiac efferent*Normal gastric afferent Before64.2 ± 4.660.5 ± 1.7 After 30 min78.8 ± 7.5\*75.5 ± 3.8\*\* ΔDischarge rate14.6 ± 3.415.1 ± 4.8Vagotomized Before59.6 ± 2.173.1 ± 2.2 After 30 min60.4 ± 1.873.9 ± 1.3 ΔDischarge rate0.8 ± 0.80.2 ± 1.9*Sympathetic adrenal efferent*Normal gastric afferent Before53.0 ± 1.750.4 ± 5.5 After 30 min68.1 ± 3.4\*95.2 ± 5.7\*\* ΔDischarge rate15.0 ± 3.044.9 ± 7.1Vagotomized Before68.1 ± 1.466.9 ± 4.3 After 30 min68.3 ± 3.370.5 ± 4.1 ΔDischarge rate0.8 ± 1.83.6 ± 1.7\* *p* \< 0.05, paired *t* test, \*\* *p* \< 0.01, paired *t* test

We also examined the effects of intragastric infusion of IMP and MSG solutions on SAE activity. Intragastric infusion of IMP solution significantly increased SAE activity (*n* = 5, *p* \< 0.05, paired *t* test; Fig. [3](#Fig3){ref-type="fig"}d, f; Table [2](#Tab2){ref-type="table"}). Intragastric infusion of MSG solution also led to a gradual and clear increase in the discharge rate (*n* = 4, *p* \< 0.01, paired *t* test; Fig. [3](#Fig3){ref-type="fig"}e, f; Table [2](#Tab2){ref-type="table"}). We then addressed whether these gastro-adrenal reflex effects were mediated via the VGA pathway. When the VGA was sectioned, intragastric infusion of IMP and MSG solutions had no effect on SAE activity (IMP, *n* = 4; MSG, *n* = 5; Table [2](#Tab2){ref-type="table"}). Because of the increase in SAE activity on intragastric infusion of IMP and MSG, we investigated the effect of intragastric infusion of IMP and MSG solutions on vital functions (heart rate, systolic blood pressure, diastolic blood pressure, mean blood pressure, respiration rate, body temperature). However, intragastric infusion of IMP (*n* = 5) and MSG (*n* = 5) solutions resulted in no significant changes in the vital functions, as summarized in Table [3](#Tab3){ref-type="table"}. We did not investigate the effect of glucose, sucrose, or NaCl solutions on VCE or SAE activity because these solutions did not cause a significant change in VGA activity.Table 3Effects of intragastric infusion of umami substances on the vital functionsUmami substancesBefore10 min20 min30 min*30* *mM IMP*Heart rate (BPM)394.5 ± 22.5397.4 ± 21.7400.5 ± 26.0402.5 ± 24.0Systolic blood pressure (mmHg)96.7 ± 6.7100.3 ± 6.195.3 ± 7.293.0 ± 5.3Diastolic blood pressure (mmHg)53.7 ± 5.355.6 ± 5.253.0 ± 4.651.6 ± 3.4Mean blood pressure (mmHg)66.8 ± 5.269.0 ± 3.365.9 ± 4.964.3 ± 3.5Respiration rate (BPM)101.2 ± 7.9100.8 ± 8.9103.2 ± 7.2103.2 ± 8.0Body temperature (°C)37.3 ± 0.137.1 ± 0.137.2 ± 0.137.2 ± 0.1*150* *mM MSG*Heart rate (BPM)389.6 ± 9.6387.3 ± 8.5392.4 ± 9.8396.0 ± 11.9Systolic blood pressure (mmHg)79.3 ± 6.278.6 ± 6.078.3 ± 5.275.7 ± 5.6Diastolic blood pressure (mmHg)44.7 ± 4.244.3 ± 3.844.7 ± 3.543.8 ± 3.8Mean blood pressure (mmHg)56.3 ± 5.055.7 ± 4.656.0 ± 4.354.4 ± 4.6Respiration rate (BPM)116.5 ± 14.1113.4 ± 12.6113.7 ± 13.6111.9 ± 11.7Body temperature (°C)37.2 ± 0.137.1 ± 0.137.1 ± 0.137.2 ± 0.1*BPM* beat per minute

Discussion {#Sec7}
==========

In this work, we illustrate that intragastric infusion of IMP causes changes in VGA activity and has an effect on autonomic reflexes, whereas administration of glucose, sucrose, and NaCl has no effect. Previously, we reported that intragastric infusion of MSG increased afferent activity of the vagal gastric nerve in the rat \[[@CR11], [@CR12]\]. In this study, intragastric infusion of IMP gradually and dose-dependently increased the afferent activity of the vagal gastric nerve (Fig. [1](#Fig1){ref-type="fig"}; Table [1](#Tab1){ref-type="table"}). This finding was not because of hypo-osmolality because the 30 m[M]{.smallcaps} mannose, which is more hypotonic than the 30 m[M]{.smallcaps} IMP (Table [1](#Tab1){ref-type="table"}), had no effect. Moreover, the enhancement of VGA activity by IMP and MSG caused vago-vagal and vago-sympathetic reflexes. Intragastric infusion of IMP affected both VCE and SAE activity in the same manner as MSG (Fig. [3](#Fig3){ref-type="fig"}; Table [2](#Tab2){ref-type="table"}), and sectioning of the VGA blocked the effects of both IMP and MSG (Table [2](#Tab2){ref-type="table"}). Recently, taste receptor (T1R1/T1R3) and metabotropic glutamate receptor 1, which are expressed on the tongue and are possible candidates for luminal amino acid sensors, were found in the gastrointestinal tract of the mouse and rat \[[@CR13]--[@CR15]\]. In addition, it has been suggested that T1R1/T1R3 could be activated by both glutamate and IMP \[[@CR16], [@CR17]\]. These data suggest that different umami substances might activate the same sensor on the gastric lumen rather than directly stimulating the autonomic centers within the brain.

The increase in VCE activity triggered by IMP and MSG infusions may contribute to motility and secretion in the small intestine. Vagal stimulation causes either excitation followed by inhibition or inhibition followed by excitation of the motility in the isolated small intestine in dogs \[[@CR18], [@CR19]\] and rabbits \[[@CR20]\], which indicates that the vagal efferent nerve contains both excitatory and inhibitory pathways. Thus, it is unclear whether the increase in VCE activity observed in our study would increase or reduce the motility of the small intestine; however, some effect on the motility of the small intestine is predicted. Moreover, vagal stimulation increases the intestinal secretion of mucosal bicarbonate in cats \[[@CR21], [@CR22]\] and rats \[[@CR22]\]. These data indicate that IMP and MSG can control small intestine function in the gastric phase.

The increase in SAE activity in response to 30 m[M]{.smallcaps} IMP and 150 m[M]{.smallcaps} MSG infusions may cause an increase in the release of catecholamines from the adrenal medulla. In Wistar (Slc: Wistar) rats, 120 m[M]{.smallcaps} MSG is weakly aversive for intake, but MSG concentrations higher than 240 m[M]{.smallcaps} are significantly aversive for intake \[[@CR23]\]. In our study, therefore, it is likely that the increase in SAE activity was a response to a rather stressful stimulation even though the vital functions did not change (Table [3](#Tab3){ref-type="table"}). Others have hypothesized that the cephalic phase of thermogenesis may be related to levels of catecholamines \[[@CR24], [@CR25]\]. Recently, Kondoh and Torii \[[@CR26]\] reported that MSG intake suppressed weight gain in the rat, which may be partially related to the release of catecholamines in the cephalic and gastric phases.

This study has shown that intragastric infusion of glucose, sucrose, and NaCl has no effect on VGA activity (Fig. [2](#Fig2){ref-type="fig"}). This result is consistent with previous studies showing that application of 2 [M]{.smallcaps} glucose and 154 m[M]{.smallcaps} NaCl to the gastric mucosa had no effect on VGA activity in the rat \[[@CR9], [@CR12]\]. Our results support this finding and suggest that the isotonic NaCl solution is unable to activate the sodium sensor in the stomach. However, the report that the glucosensitive fibers are present in the antral portion of the stomach in the cat \[[@CR27]\] is not consistent with our result. This disagreement may result from different recording methods or species. We used a multi-units recording of VGA, whereas the previous method used extracellular recordings from nodose ganglion neurons. Clarke and Davison used single-unit recording in their study \[[@CR9]\] and found that application of glucose to the gastric mucosa had no significant effect on VGA activity in the rat. Evidently, then, the disagreement is not a result of the recording method. As for the difference between species, it is known that cats cannot taste sweet substances, but rats can \[[@CR28]\]. This difference may be attributed to differences in the species' stomachs. Our data support Clarke and Davison's report \[[@CR9]\] and suggest that a sensor for sweet substances, for example glucose and sucrose, may not exist in the stomach of the rat.

In this study, among the preferred substances ingested for energy (sweet), minerals (salty), or protein (umami), only umami was sensed by the luminal mucosa in the stomach. This substance sent information through the VGA to the brain, where the information played a role in the reflex regulation of visceral functions. These effects seem to be important for the process of nutritional ingestion and metabolism, as well as for processes in the cephalic phase.
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